ABSTRACT Supernova (SN) 2006gy was a hydrogen-rich core-collapse SN that remains one of the most luminous optical supernovae ever observed. The total energy budget (> 2×10 51 erg radiated in the optical alone) poses many challenges for standard SN theory. We present new ground-based near-infrared (NIR) observations of SN 2006gy, as well as a single epoch of Hubble Space Telescope (HST) imaging obtained more than two years after the explosion. Our NIR data taken around peak optical emission show an evolution that is largely consistent with a cooling blackbody, with tentative evidence for a growing NIR excess starting at day ∼100. Our late-time Keck adaptive optics (AO) NIR image, taken on day 736, shows little change from previous NIR observations taken around day 400. Furthermore, the optical HST observations show a reduced decline rate after day 400, and the SN is bluer on day 825 than it was at peak. This late-time decline is inconsistent with 56 Co decay, and thus is problematic for the various pair-instability SN models used to explain the nature of SN 2006gy. The slow decline of the NIR emission can be explained with a light echo, and we confirm that the late-time NIR excess is the result of a massive ( 10 M ⊙ ) dusty shell heated by the SN peak luminosity. The late-time optical observations require the existence of a scattered light echo, which may be generated by the same dust that contributes to the NIR echo. Both the NIR and optical echoes originate in the proximity of the progenitor, ∼10
INTRODUCTION
At the time of discovery, supernova (SN) 2006gy was the most luminous SN ever found (Ofek et al. 2007; . SN 2006gy generated a great deal of interest; in addition to being ∼100 times more luminous than a typical Type II (hydrogen-rich, core-collapse) SN at peak, it exhibited a long rise time (∼70 day) and slow decline, leading to speculation that it may have been the first observed example of a pair-instability SN (Ofek et al. 2007; ) or a pulsational pair-instability SN (Woosley, Blinnikov, & Heger 2007) . SN 2006gy was classified as a Type IIn SN (see Schlegel 1990 for a definition of the Type IIn subclass and Filippenko 1997 for a review of its spectral properties) based on the relatively narrow emission features present in the early-time SN spectrum (Ofek et al. 2007; ). Some Type IIn supernovae (SNe IIn) are known to be overluminous relative to their typical SN II counterparts, probably due to the collision of fast-moving SN ejecta and a dense, possibly clumpy, circumstellar medium (CSM; Chugai & Danziger 1994) . In a companion paper (Smith et al. 2009b ), a detailed spectroscopic comparison of SN 2006gy is made to other SNe IIn. SN 2006gy is unique within the SN IIn subclass, however, because typical interaction models cannot explain its early-time behavior, suggesting the need for alternative models for this particular object Woosley, Blinnikov, & Heger 2007; Nomoto et al. 2007; Smith et al. 2009b) .
Pair-instability SNe (Barkat, Rakavy, & Sack 1967; Rakavy & Shaviv 1967; Bond, Arnett, & Carr 1984) are expected to occur in very massive, low-metallicity stars, such as those that may have been present in the metal-free environment of the very early universe (e.g., Abel, Bryan, & Norman 2000) . The detection of a pairinstability SN in the comparatively local universe, then, could potentially reveal a great deal about the first generation of stars. The light curves of pair-instability SNe are expected to exhibit a relatively slow rise, followed by a broad turnover after the peak, and a peak luminosity that is considerably larger than that of typical SNe (Scannapieco et al. 2005) . Qualitatively each of these characteristics matches those observed for SN 2006gy.
Other more luminous SNe have been announced since the discovery of SN 2006gy: SNe 2005ap (Quimby et al. 2007 ) and 2008es (Miller et al. 2009; Gezari et al. 2009 ). This suggests that while these events are rare, there may be a new subclass of very luminous supernovae (VLSNe). The peak luminosity and photometric evolution of both SNe 2005ap and 2008es are difficult to explain via the pair-instability model (Quimby et al. 2007; Miller et al. 2009 ), implying that peak luminosities few ×10 44 erg s −1 are possible without a pair-instability explosion. There is a wide diversity of alternative models that have been developed to explain the early-time observations of SN 2006gy. Smith & McCray (2007) argue that the peak luminosity and light-curve evolution can be explained via the thermalization of shock energy deposited into a massive (∼10 M ⊙ ), optically thick shell. Similar explanations were offered for SNe 2005ap and 2008es (Quimby et al. 2007; Miller et al. 2009 ). Based on a model of the light curve near peak, Agnoletto et al. (2009) suggest that the combination of ejecta colliding with dense clumps in the CSM and ∼1-3 M ⊙ of 56 Ni are responsible for the early-time luminosity of SN 2006gy. Nomoto et al. (2007) are unable to match the light curve with a standard pair-instability SN model; however, they can reasonably reproduce the ( 400 day) light curve of SN 2006gy using a pair-instability model where they artificially reduce the ejecta mass, such that the radioactive heating is less than 100% efficient. Woosley, Blinnikov, & Heger (2007) use a model of a pulsational pair instability within a massive star to explain the light curve of SN 2006gy.
Some of the models make predictions for the late-time behavior of SN 2006gy. Those with a large yield of 56 Ni (Nomoto et al. 2007; ) would expect a decline in bolometric luminosity at the rate of 56 Co deay, 0.98 mag (100 day) −1 , or faster if the radioactive-decay energy is not converted to optical emission with 100% efficiency. The shell-shock model (Smith & McCray 2007) predicts a rapid decline after ∼200 day, though the authors note that this decline may be offset by the production of a large amount of 56 Ni or continued CSM interaction. The pulsational pair-instability model (Woosley, Blinnikov, & Heger 2007) predicts another SN explosion at the location of SN 2006gy about 9 years after the initial outburst from SN 2006gy.
More than a year after the explosion, Smith et al. (2008b) detected SN 2006gy in the near-infrared (NIR) at a luminosity comparable to that of the peak luminosity of most SNe II. This property had not been predicted by any of the models. When coupled with the lack of a detection in the radio and X-rays, this led Smith et al. (2008b) to conclude that the luminosity could not be powered by the continued interaction of the SN ejecta with CSM. Kawabata et al. (2009) draw similar conclusions based on their detection of weak Hα emission at a comparable epoch. Smith et al. (2008b) conclude that only two possibilities are able to explain the late-time observations of SN 2006gy: (i) the explosion produced 2.5 M ⊙ of 56 Ni, possibly as a pair-production SN, which was heating dust and consequently generating the large NIR excess, or (ii) a massive (∼5-10 M ⊙ ), dusty shell, located ∼1 light year from the site of the SN, was being heated by the radiation produced at peak, and re-radiated that energy as a NIR echo (Dwek 1983) . For the first case, if the luminosity were powered by radioactive decay, then future observations should indicate a continued decline at the rate of 56 Co decay. A dust echo, on the other hand, would result in a NIR light curve that stays roughly constant for ∼1-2 years before exhibiting a rapid decline.
Evolved massive stars, such as red super giants and luminous blue variables (LBVs), are often observed with massive dust shells, so if these stars explode as Type IIn SNe one might expect a late-time IR echo. Many SNe IIn have been observed to exhibit a late-time NIR excess (Gerardy et al. 2002) which in some cases lasted > 1 year. This excess has been attributed to NIR echoes (Gerardy et al. 2002) , though we note that the formation of new dust has been argued specifically for SN 1998S (Pozzo et al. 2004 ) and SN 1995N (Fox et al. 2009 ). Dusty regions near the SN should also lead to UV/optical scattered light echoes (Chevalier 1986) ; thus, dust is capable of providing significant optical and NIR emission at late times. The optical decline of Type IIn SNe at late times is very heterogeneous (Li et al. 2002) , and therefore caution must be applied when determining the source of any late-time emission.
In this paper we present new NIR observations of SN 2006gy, taken around the peak of optical emission, as well as optical and NIR observations obtained more than two years after SN 2006gy exploded. In § 2 we describe the observations and data reduction. We discuss the results in § 3, and in § 4 we offer some conclusions. Throughout this paper we assume that the distance to NGC 1260 (the host galaxy of SN 2006gy) is 73.1 Mpc, and that the total color excess toward SN 2006gy is E(B − V ) = 0.72 mag , of which E(B − V ) = 0.54 mag is in NGC 1260 and Galactic extinction accounts for E(B − V ) = 0.18 mag. All spectral energy distributions (SEDs) have been corrected for this color excess assuming R V = A V /E(B − V ) = 3.1 using the reddening law of Cardelli, Clayton, & Mathis (1989 ). PAIRITEL is a 1.3-m robotic telescope, located on Mt. Hopkins, AZ, which obtained observations for 30 min to 1 hr at each epoch through normal queue-scheduled operations for the next 24 months. In total there were 124 epochs obtained. All images were processed via an automated pipeline (Bloom et al. 2006) .
Analysis of SN 2006gy has proved challenging because the SN is located very close to the nucleus of NGC 1260 (separation < 1 ′′ ; Ofek et al. 2007; ). PAIRITEL has a large native scale of 2 ′′ pixel −1 , precluding spatial resolution of the SN from the nucleus. This necessitates image differencing to obtain the light curve of the SN. Image subtraction was performed with HOTPANTS 7 , and the flux in each difference pair was determined via aperture photometry at the location of the SN. An example subtraction, which clearly shows flux from SN 2006gy after the reference image has been subtracted, is shown in Figure 1 .
Despite observations extending more than two years past the date of discovery, SN 2006gy has not faded beyond the point of detectability with PAIRITEL. Consequently, all J, H, and K s images of SN 2006gy contain some flux from the SN. We thus adopted the "NN2 method" of Barris et al. (2005) to determine the relative NIR flux changes of the SN. The NN2 method treats all images equally and does not require a template image with no light from the source of interest, SN 2006gy. It uses the subtraction of all N (N − 1) possible pairs of images to mitigate against possible errors associated with the use of a single reference template image. The downside to the NN2 method is that it only produces the differential flux between each of the N epochs of observations. To convert these flux differences into magnitudes requires an absolute calibration, which must be obtained independently of the results from the NN2 method. Uncertainties in the individual subtractions were estimated by measuring the scatter in fake SNe inserted at locations having a surface brightness similar to that at SN 2006gy.
Early-time NIR observations of SN 2006gy (defined here as those made before SN 2006gy passed behind the Sun during 2007) show a remarkably flat light curve, as seen in Figure 2 . To transform the relative flux differences from the NN2 method to an absolute scale, we subtracted the archival Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006) image from each of the images obtained on 2006 Nov. 13.24, 14.25, 15.38, and 16.37 to determine the J, H, and K s magnitudes of the SN on these dates. The mean SN flux was then used to transform the relative flux from the NN2 method to the absolute flux of the 2MASS system (Cohen, Wheaton, & Megeath 2003) . PAIRITEL uses the old 2MASS camera and telescope; hence, we do not expect any large systematic effects in the 2MASS subtractions. The final calibrated J, H, and K s photometry is summarized in Table 1 .
On 2006 Nov. 01, Ofek et al. (2007) obtained Palomar Hale (5 m) AO images in the J and K s bands, clearly resolving SN 2006gy from the host-galaxy nucleus, and measured its flux. In the K s band our calibration and the Ofek et al. (2007) measurement agree to within 1σ, while the agreement in the J band is somewhat worse (∼2σ). Ofek et al. (2007) had only a single 2MASS star within the field of view of their AO images, whereas >100 2MASS stars were used to calibrate the PAIRITEL images; when coupled with the difficulty associated with photometry of AO images, this may explain the differences between the two measurements. We note that were we to adopt the Ofek et al. (2007) measurements as our calibration, there would be an overall systematic shift of our J and K s light curves to brighter values, which in turn would lead to worse agreement between the NIR data and early-time optical spectra (see Figure 4 ). This suggests that our calibration method is sufficient. We note that the uncertainties in our photometry are dominated by the uncertainty in the calibration, which is ∼0.03 mag in J, ∼0.06 mag in H, and ∼0.04 mag in K s . This uncertainty is the same for all epochs, so a change in the calibration would lead to a systematic shift of the entire light curve.
As shown by Smith et al. (2008b) , and subsequently confirmed by Agnoletto et al. (2009) , the NIR evolution of SN 2006gy is very slow at late times. Given the relatively small change in flux, and the reduced signal-tonoise ratio following the fading of the SN, we were unable to recover reliable flux measurements from PAIRITEL data taken after 2007 Sep. Furthermore, unlike the case at early times, the SN had faded below the 2MASS detection limit, which means that the late-time subtractions relative to the 2MASS template image do not yield meaningful results despite the fact that at K s ≈ 15 the SN is well above the PAIRITEL detection limit. In principle, if deep PAIRITEL images are obtained after SN 2006gy fades well beyond the detection limit, it should be possible to recover the late-time NIR light curve using template images that contain no light from the SN.
We also observed SN 2006gy with the Near-Infrared Camera 2 (NIRC2) using the laser guide star (LGS) AO system (Wizinowich et al. 2006) .27 ± 0.04 13.01 ± 0.06 12.78 ± 0.05 54050.66 13.25 ± 0.03 13.00 ± 0.06 12.78 ± 0.04 54051.70 13.25 ± 0.04 13.00 ± 0.06 12.76 ± 0.04 54052.64 13.24 ± 0.04 13.00 ± 0.06 12.77 ± 0.04 54053.66 13.25 ± 0.03 13.01 ± 0.06 12.76 ± 0.04 54054.78 13.27 ± 0.04 13.01 ± 0.06 12.76 ± 0.04 54055.78 13.28 ± 0.04 13.01 ± 0.06 12.77 ± 0.04 54058.57 13.27 ± 0.03 13.00 ± 0.06 12.75 ± 0.04 54059.59 13.24 ± 0.04 13.01 ± 0.06 12.74 ± 0.05 54060.61 13.27 ± 0.03 13.01 ± 0.06 12.79 ± 0.04 54061.60 13.24 ± 0.04 13.01 ± 0.06 12.75 ± 0.05 54063.63 13.28 ± 0.04 13.00 ± 0.06 12.74 ± 0.05 54064.63 13.30 ± 0.04 13.01 ± 0.06 12.76 ± 0.04 54065.63 13.24 ± 0.07 13.08 ± 0.11 12.83 ± 0.19 54066.65 13.31 ± 0.04 13.01 ± 0.06 12.76 ± 0.05 54069.55 13.27 ± 0.04 13.04 ± 0.06 12.82 ± 0.05 54070.96 13.31 ± 0.04 13.02 ± 0.06 12.77 ± 0.04 54071.98 13.31 ± 0.05 13.02 ± 0.06 12.83 ± 0.05 54072.97 13.28 ± 0.04 13.01 ± 0.06 12.77 ± 0.04 54074.92 13.31 ± 0.04 13.03 ± 0.06 12.82 ± 0.05 54075.96 13.31 ± 0.04 13.01 ± 0.06 12.77 ± 0.05 54076.95 13.37 ± 0.04 13.02 ± 0.06 12.79 ± 0.04 54077.95 13.37 ± 0.04 13.02 ± 0.06 12.80 ± 0.04 54080.01 13.34 ± 0.05 13.03 ± 0.06 12.80 ± 0.05 54081.01 13.41 ± 0.05 13.06 ± 0.06 12.80 ± 0.04 54082.01 13.40 ± 0.04 12.98 ± 0.06 12.82 ± 0.05 54082.99 13.32 ± 0.07 13.07 ± 0.07 12.79 ± 0.05 54083.99 13.36 ± 0.09 13.00 ± 0.06 12.75 ± 0.05 54084.97 13.39 ± 0.05 13.05 ± 0.06 12.84 ± 0.08 54085.96 13.40 ± 0.05 13.08 ± 0.07 12.84 ± 0.05 54086.96 13.48 ± 0.06 13.06 ± 0.07 12.88 ± 0.06 54090.91 13.42 ± 0.04 13.11 ± 0.07 12.88 ± 0.05 54091.91 13.59 ± 0.09 13.11 ± 0.07 12.93 ± 0.05 54093.12 13.51 ± 0.11 13.06 ± 0.06 12.90 ± 0.07 54094.95 13.68 ± 0.11 13.12 ± 0.07 12.90 ± 0.05 54095.95 13.66 ± 0.11 13.13 ± 0.07 13.00 ± 0.16 54100.97 13.79 ± 0.08 13.15 ± 0.07 13.03 ± 0.13 54101.42 13.81 ± 0.07 13.16 ± 0.07 13.16 ± 0.14 a Midpoint between the first and last exposures in a single stacked image. b Observed value; not corrected for Galactic extinction. Table 2 .
SN 2006gy, as summarized in
8 We also present the first measurement of the H-band flux from the AO images taken on 2007 Dec. 2. To obtain this H-band measurement, despite a lack of 2MASS stars in the field, we measured the H − K ′ color of SN 2006gy relative to We also show the Palomar AO photometry from Ofek et al. (2007) . The data have not been corrected for extinction in the host or the Galaxy. The NIR evolution is remarkably flat, with the R − K color increasing steadily after day ∼70. This behavior is consistent with a cooling blackbody (see text). the H − K ′ color of the host galaxy, and calibrated this against the H − K s color of the galaxy in the archival 2MASS images. The large uncertainty for this measurement reflects the accuracy with which we can determine the color of the galaxy from the 2MASS images.
As part of a Hubble Space Telescope (HST) snapshot survey (GO-10877; PI Li), SN 2006gy was observed with the Wide Field Planetary Camera 2 (WFPC2; Holtzman et al. 1995a ) using the F 450W , F 555W , F 675W , and F 814W filters on 2008 Nov. 22. The data were reduced in the standard fashion using multidrizzle (Koekemoer et al. 2002) . NGC 1260 and SN 2006gy were located at the center of the PC chip of WFPC2, which has a native pixel scale of 0.0455 ′′ pixel −1 .We follow the recipe of Table 8 of Holtzman et al. (1995b) . b Filter width, based on WFPC2 calibrations presented in Table 8 of Holtzman et al. (1995b) .
c Observed value; not corrected for Galactic extinction. d Observed flux using the photometric calibrations presented in Table 9 of Holtzman et al. (1995b) . Dolphin (2000) to do charge transfer efficiency correction and photometric reduction of the WFPC2 images. Our measurements of the SN 2006gy magnitudes are summarized in Table 3 . A false-color image of this detection is shown in Figure 3 .
3. DISCUSSION 3.1. Early-Time NIR Observations While the early evolution of SN 2006gy is remarkably flat in the NIR (see Figure 2) , we find that these measurements are consistent with radiation from a cooling blackbody. From blackbody fits to optical spectra, Smith et al. (2009b) find that the temperature of SN 2006gy monotonically cools after day ∼50, roughly two weeks before optical maximum, until day ∼165, where the temperature levels off at ∼6300 K. In the top panel of Figure 4 we show the evolution of the SED of SN 2006gy for three epochs (day 59, 109, and 135) during our early-time NIR observations. For each epoch we show the singlecomponent blackbody spectrum, after adopting the temperature from Smith et al. (2009b) and normalizing the spectra to the photometric measurements from Smith et al. (2007) . Their photometric observations come from a series of unfiltered observations taken with the Katzman Automatic Imaging Telescope (KAIT; Filippenko et al. 2001) , which are best matched by the R band (Riess et al. 1999; Li et al. 2003) . However, the scatter in the transformation between KAIT unfiltered and R can be quite large (Ganeshalingam 2009 ), so we adopt a 0.2 mag uncertainty for the calibration of the blackbody spectra. We also show the NIR flux during these epochs, determined from the absolute calibration of the 2MASS system (Cohen, Wheaton, & Megeath 2003) . This shows excellent agreement with an extrapolation of the earlytime spectra of SN 2006gy (Smith et al. 2009b ). Between Keck AO H and K ′ false-color image from Smith et al. (2008b) . The SN is clearly red in the NIR. Note that the field of view for this image is slightly smaller than that of the others. Middle: Keck AO K ′ image of SN 2006gy taken on day 736. The SN is still clearly visible in the NIR, and has shown little change since observations taken around day 400. Bottom: HST WFPC2 false-color image including the four filters in which we detect SN 2006gy: F 450W (corresponding to blue), F 555W , F 675W , and F 814W (corresponding to red). The SN is clearly blue in the optical compared to the light from the surrounding stars.
day ∼55-135 roughly 2-4% of the bolometric luminosity of SN 2006gy was emitted in the NIR.
In the lower panel of Figure 4 we show the fractional excess of the photometric observations relative to the single-component blackbodies (note that by definition the R-band excess is set to zero). For clarity we do not show the uncertainties associated with the excess, but after accounting for the large uncertainty in the Rband calibration, each point is within ∼1σ of zero excess. Nevertheless, there is an apparent trend that the excess (2007), on day 59, 109, and 135, respectively. Bottom: the fractional excess emission in J, H, and Ks, relative to the blackbody model. For clarity we do not include the uncertainties in these measurements, which are large and dominated by the uncertainty in the transformation between unfiltered data and the R band (see text). Each point is within ∼1σ of showing no excess; however, the NIR excess does appear to grow with time.
is growing in the H and K s bands as a function of time. The trend may be indicative of radiation from warm dust (see below), though we note that this effect would be small. If this trend toward a NIR excess is created by the same source as the late-time NIR excess, we would expect a K s -band excess of ∼0.17 mag, comparable to the uncertainty in our blackbody calibration.
Late-Time NIR Observations
With data obtained more than a year after explosion, discovered a significant NIR excess from SN 2006gy. Our NIR observations taken 736 day after explosion show that the K ′ -band flux from SN 2006gy has only faded by a factor of ∼2 over the course of the previous year. We cannot determine the total IR luminosity at late times, because our NIR data do not cover the peak of the SED. Furthermore, as first noted by Smith et al. (2008b) , the very red H − K ′ color at late times indicates that the IR emission likely peaks in the mid-IR. We can, however, place lower limits on the NIR luminosity by assuming that the SED peaks in the K ′ band. Following this assumption, the NIR excess constitutes a slowly varying luminosity of 2 × 10 8 L ⊙ for > 1 yr.
The most likely explanation for this large luminosity in the NIR is warm dust. The observed H − K ′ color from day 436 corresponds to a temperature of ∼1000 K, assuming a single-temperature blackbody. If the dust is radiating as a single blackbody with T peak = 1000 K, this would increase the above luminosity to 3 × 10 8 L ⊙ . We note that our NIR observations are only sensitive to the warmest dust; it is possible that cooler dust with T ≈ 600 K 9 could dominate the IR emission, in which case the luminosity could be significantly higher than the values quoted above.
The location of this dust, and whether it is newly formed or pre-existing at the time of the SN explosion, remain to be determined. The dust-cooling time is short, meaning that a prolonged heat source is needed to explain the extended excess. We consider four possibilities for heating the dust: (i) radioactive heating from 56 Co decay, (ii) collisional excitation of pre-existing dust, (iii) heating via radiation from circumstellar interaction, and (iv) a late-time IR dust echo, where pre-existing dust is heated by the radiation produced while the SN was near its optical peak. 56 Ni, if a sufficient amount of dust formed in order to move the luminosity into the NIR (though they favored another interpretation; see below). We show the bolometric evolution of SN 2006gy through the first ∼800 day post-explosion, including both optical and NIR detections, as well as the expected light curve from 2.5 M ⊙ of 56 Ni, in Figure 5 . The early-time measurements (< 250 day) come from Smith et al. (2009b) . The optical measurement near day 400 comes from photometric measurements by Kawabata et al. (2009) , while the optical luminosity on day 825 comes from a direct integration of our HST observations (see § 3.3.1). The three latetime NIR luminosities represent lower limits based on the measured K ′ -band flux (see above, § 3.2). The decay rate of 56 Co, 0.98 mag (100 day) −1 , is much faster than the observed decay of the K ′ flux from SN 2006gy, ∼0.2 mag (100 day) −1 . The late-time NIR excess declines at a rate that is too slow to be explained by 56 Co heating alone.
The pair-instability model of Nomoto et al. (2007) , which provided good agreement with the early light curve of SN 2006gy after an artificial reduction of the total ejecta mass from the evolutionary calculation, was able to reproduce the late-time NIR luminosity observed by Smith et al. (2008b) . This model required less than 100% efficiency in the conversion of gamma-rays (from radioactive decay) to optical/NIR emission, which means that the light curve should decay faster than 0.98 mag (100 day) −1 . The possibility of a pair-instability SN was first invoked to explain the large peak luminosity of SN 2006gy (Ofek et al. 2007; ). This scenario would have required the production of 10 M ⊙ 56 Ni, which in turn would produce a large late-time luminosity that decays at the rate of 56 Co. The late-time NIR luminosity is not accounted for in either the general pair-instability models or the artificial model of Nomoto et al. (2007) ; it therefore provides a serious challenge to the pair-instability SN hypothesis. material in the expanding blast wave. The intense ultraviolet/optical output from a SN at its peak vaporizes any dust in the vicinity of the SN (Dwek 1983 ). This radiation near peak creates a dust-free cavity into which the SN ejecta may expand at early times; however, the ejecta blast wave will eventually reach the edge of the dust-free cavity, at which point collisional excitations may generate NIR emission.
The large peak luminosity of SN 2006gy, 8 × 10 10 L ⊙ (Smith et al. 2009b ), provides significant challenges to this collisional heating scenario. Dwek (1983) shows that the radius of the dust-free cavity can be determined from the peak luminosity and the dust vaporization temperature, assuming the grain emissivity Q v is proportional to (λ/λ 0 ) −1 :
where R 1 is the radius of the dust-free cavity,Q ν is the mean grain emissivity, L 0 is the peak luminosity, and T v is the dust vaporization temperature. Following Dwek (1983) , if we assumeQ ν = 1 and that λ 0 = 0.2 µm, we find that R 1 ≈ 1.4 × 10 18 cm, for a vaporization temperature T v ≈ 1000 K. If the absorption coefficient is instead proportional to λ −2 , then the cavity becomes even larger. Based on the observed width of the Hα line from SN 2006gy, estimate the speed of the blast wave to be 4000 km s −1 , which would mean that this material would take ∼70 yr to reach the edge of the dust-free cavity. Even if there are ejecta traveling at more typical SN velocities of 10,000 km s −1 , it would take over 28 yr for this material to reach the edge of the dust-free cavity. Given that the NIR excess is present ∼1 yr following explosion, and that the SN ejecta could not reach the dust in such a short time, collisional heating of dust by SN ejecta cannot explain the observed NIR excess.
Newly Formed Dust
The emission features that arise in SNe IIn, as in SN 2006gy, originate from the interaction of the SN ejecta with a dense CSM. Shocked gas, located between the forward shock which is plowing into the CSM and a reverse shock of the SN ejecta, can cool, and if the density is large enough, it may form new dust grains. The cooling time for such dust is short (∼10-100 s), but a persistent heat source can generate an extended period of NIR emission. The physical conditions for postshock dust formation are not necessarily easy to produce: strongly interacting SNe are often X-ray sources, which could prevent the formation of new dust grains in the post-shock gas. In a few cases, however, evidence for the formation of dust in the post-shock region has been found for SNe 1998S (Pozzo et al. 2004 ), 2006jc (Smith, Foley, & Filippenko 2008) , and 2005ip (Smith et al. 2009a; Fox et al. 2009 ), and possibly also SN 2006tf (Smith et al. 2008a ). This newly formed dust is then heated by the energy from the shock as it continues to propagate into the CSM, which gives rise to the prolonged NIR excess.
This scenario is difficult to reconcile with the case of SN 2006gy, however. Spectra taken around day 200 show a decline in the luminosity of the Hα emission line, which indicates a reduction in the CSM interaction at this time (Smith et al. 2009b ). Furthermore, as detailed by Smith et al. (2008b) , the lack of X-ray, Hα, and radio emission a little more than a year after the SN explosion implies that the observed NIR luminosity cannot be explained by shock-heated dust. In fact, the radio nondetection of SN 2006gy continues through day 648 (Bietenholz & Bartel 2008) . Kawabata et al. (2009) give an upper limit of R > 20.3 mag, at a similar epoch), which would constitute an optical luminosity similar to that observed in the NIR. The source of this optical luminosity could potentially be the heat source for newly formed dust at day ∼400, though it cannot explain the similar NIR luminosity seen on day 736. While SN 2006gy was detected in the optical at > 800 day to have a luminosity similar to that seen in the NIR, the very blue nature of optical data suggest that it is a scattered light echo (see below) of UV/optical emission from the SN peak. The light echo must originate outside the dust-forming region and therefore cannot heat the dust. While we cannot strongly rule out dust formation in the post-shock region of SN 2006gy it is implausible to explain the late-time NIR luminosity via new dust, because there are no signs of a heating source that lasts for > 1 yr.
NIR Dust Echo
Perhaps the most natural explanation for the late-time NIR excess is a dust-heated echo, as first discussed by Smith et al. (2008b) . The qualitative behavior of IR echoes predicted by Dwek (1983) provides an excellent match to the observed behavior of SN 2006gy. The IR emission comes from dust near the explosion site which is heated by the early-time UV/optical emission from the SN. The model predicts a fast rise in the IR, followed by an extended plateau (see below) before the IR luminosity follows a rapid decline. SN 2006gy exhibits a very slow decline in the NIR, only a factor of ∼2 in flux over the course of ∼1 yr, consistent with being on the extended plateau phase as predicted by the model.
The plateau occurs because the hottest dust, which exists right at the edge of the dust-free cavity described above, dominates the emission. According to the view of a distant observer, the emitting volume is a series of paraboloid light fronts that expand throughout the dustfree cavity (see Figure 1 of Dwek 1983 or Figure 4 of Smith et al. 2008b) . As a paraboloid expands it continually heats dust at R 1 , which is what gives rise to the plateau in the light curve. After a time ∼2R 1 /c, the vertex of a given paraboloid will reach the back edge of the cavity and will no longer be heating dust at R 1 . Emission from the dust will be dominated by the UV/optical radiation produced by the SN at peak, and once this radiation sweeps past the back edge of the cavity the IR luminosity begins to rapidly decline. Therefore, if we know the duration of the plateau phase we can determine the size of the dust-free cavity. Constraints on the cavity size can be determined by assuming that the echo starts at our first K ′ observation on day 405 and ends on our last observation on day 736. In this case we find that R 1 ≈ 4 × 10 17 cm, however, it would be contrived if our observations were to perfectly bookend the plateau phase of the echo: the echo almost certainly started prior to day 405 and continued beyond day 736. If we instead assume that the slight NIR excess seen at day ∼100 (see Figure 2) is the rise of an IR echo, then we find that R 1 ≈ 8 × 10 17 cm, which shows reasonable agreement with the value we calculated for the dust-free cavity in § 3.2.2, R 1 ≈ 1.4 × 10 18 cm, considering the uncertainties in the dust temperature and the likelihood that the plateau extends beyond day 736.
Our NIR observations are only sensitive to the warmest dust, but if we assume that the NIR luminosity peaks in the K ′ band, then a lower limit to the total energy emitted in the IR is E IR ≈ 2 × 10 8 L ⊙ × 600 d, or 4×10 49 erg. This is comparable to the canonical optical output of a normal SN II. Typically, this would pose a significant problem for the IR echo hypothesis as it would require order unity of the original optical radiation from the SN to be absorbed and re-radiated in the NIR. Indeed, this is precisely the argument used by Fox et al. (2009) to argue against the light-echo hypothesis for SN 2005ip. In the case of SN 2006gy this is not a problem, however, because the NIR emission falls well within the available energy budget to heat the dust. After applying a bolometric correction, Smith et al. (2009b) find that ∼ 2.5 × 10 51 erg were emitted by SN 2006gy during the first ∼220 day of the light-curve evolution, which means that less than 2% of this energy has been absorbed and re-radiated by the dust. This value is comparable to those found by Dwek (1983) for SNe 1979C and 1980K.
If we assume that the dust radiates as a blackbody, we can estimate the optical depth of the dust shell as τ ≈ E IR /(E+E IR ) ≈ 0.016. We note that like E IR above, this value constitutes a lower limit for τ . Even if the NIR luminosity is a factor of 10 larger than our lower limits, this would imply τ ≈ 0.1, which corresponds to an optical extinction of A V = 1.086τ ≈ 0.1. This is far less than the total observed extinction from the host, A V,host ≈ 1.67 , suggesting that the dusty shell responsible for the IR echo cannot produce all of the nonGalactic reddening observed toward SN 2006gy. That there is a considerable amount of dust along the line of sight, which is not in the CSM of SN 2006gy, should not come as a surprise given that there is a prominent dust lane in NGC 1260 (see Figure 3) .
With this information in hand, it is now possible to estimate the total dust mass of the shell that creates the NIR echo; according to Dwek (1983) , it is simply related to the dust properties, the optical depth of the dust, and the inner and outer radii of the shell. Above we estimate the inner radius of the dust shell to be ∼8×10 17 cm. The value of the outer radius can be deciphered from the decay of the NIR light curve following the plateau. As we have not yet observed the NIR decay, we adopt an outer radius of 2R 1 , which minimizes the dust mass in the shell. Finally, we follow the same assumptions as Dwek (1983) about the dust properties: a grain density ρ gr = 3 g cm −3 , grain radius a = 0.1µm, and mean absorption efficiencyQ ν = 1. With these asumptions we find a total dust mass of M d ≈ 0.1 M ⊙ . Assuming a typical value for the dust-to-gas ratio, 1:100, the total mass of the circumstellar shell is ∼10 M ⊙ . This value shows good agreement with the initial estimate of 5-10 M ⊙ from Smith et al. (2008b) , which was based on only observations taken between 400 and 465 day after explosion. We note that ∼10 M ⊙ constitutes a lower limit to the total mass of the shell, because the actual value of the duration of the plateau and E IR could potentially be much larger than the values we adopted above.
At a distance of ∼10 18 cm from the SN explosion site, it is not immediately evident that the dust giving rise to the NIR echo is part of the progenitor's CSM or the local interstellar medium (ISM). Smith et al. (2008b) argue that the large dust mass needed at ∼10 18 cm could be explained if the progenitor passed through a phase of eruptive mass loss ∼1000-1500 yr prior to explosion, in an event similar to observed outbursts from η Car. Preexisting dust in the walls of a giant HII region, where a massive star like SN2006gy's progenitor might have lived, cannot account for the IR echo because at typical distances of ∼10 pc or more from the SN, the dust would be far too cold to reproduce the NIR excess.
Observed Color Evolution from HST Observations
Chevalier (1986) predicts that any SN with an IR echo due to pre-existing CSM dust should also show a faint scattered light echo in the optical as well. He shows that this dust can lead to optical emission characterized by a λ −α scattering law, where α is some value between 1 and 2. More than a year after explosion SN 2006gy had faded rapidly in the optical (Smith et al. 2008b; Agnoletto et al. 2009; Kawabata et al. 2009 ). Therefore, we obtained HST images to search for a possible late-time scattered light echo.
Our optical detection on day 825 shows a significant change in the optical decline rate of SN 2006gy. Between day 200-400 the SN faded by 3 mag in the optical (Smith et al. 2008b) , whereas the decline between day 400-825 was only ∼1 mag. In addition to this reduced We show the flux in the optical (HST, day 825) and NIR (Keck AO, day 469 and 736), corrected for host-galaxy and Milky Way reddening. The solid blue line shows a 12,000 K blackbody, normalized to the F 814W detection. The red dotted line shows a single-component blackbody fit to the H and K ′ -band detections from day 469 (note that this fit has zero degrees of freedom). The IR evolution is slow, and the detection from day 736 indicates the degree of fading in the NIR. The SED shows a rapid decline toward the red portion of the optical, as well as a strong rise toward the red within the NIR. These characteristics are precisely those predicted by the IR and scattered light echo models.
rate of decline, the SN underwent significant color evolution. Assuming that F 555W and F 814W approximate the V and I bands, respectively, we find that V −I = 0.60 mag on day 825. By contrast, with a 12000 K color temperature at peak (Smith et al. 2009b) , the observe color of SN 2006gy would have been V − I ≈ 1.01 mag. Thus, the spectrum on day 825 is bluer than the spectrum at peak. Indeed, the ∼0.4 mag color change shows excellent agreement with a λ −1 scattering law. A λ −2 scattering law, on the other hand, would predict a −0.83 mag change to the V − I color, or roughly V − I ≈ 0.20 mag during the late-time epochs.
This behavior is similar to what one would expect from a scattered light echo: as in the case of an IR echo, when successive paraboloids sweep out to progressively larger radii, dust in the circumstellar (or in some cases the interstellar) environment can scatter that light toward the observer, creating a plateau in the optical light curve of the SN. At the same time, scattering preferentially selects shorter wavelengths, which results in a spectrum that is bluer than that of the SN at peak. This is the precise behavior observed for the Type Ia SNe 1991T (Schmidt et al. 1994 ), 1998bu (Cappellaro et al. 2001 ), and 2006X (Wang et al. 2008 ) which both showed significant departures from the expected decline rate of Type a SNe. Spectra taken roughly two years after maximum, for SNe 1991T and 1998bu, and ∼10 months after maximum for SN 2006X, show emission features similar to those seen in the spectra near peak superposed on top of a blue continuum for both these SNe. Light echoes have also been observed around a number of core-collapse SNe, e.g. SN 2003gd (Sugerman 2005; Van Dyk, Li, & Filippenko 2006) and SN 1993J (Sugerman & Crotts 2002 ), though we note that late-time spectra of the light echoes do not exist in these cases.
In Figure 6 we show the late-time SED of SN 2006gy, including our NIR detections on day 469 and 736 and (black dots) are compared to observed and reflected spectra, both normalized to the HST F 814W flux density. The gray line is the observed spectrum of SN 2006gy on day 71 during its peak luminosity phase, from Smith et al. (2009b) . We plot the observed wavelength (i.e., not corrected for the SN redshift), and the spectrum has no correction for reddening. The black line (and dotted lines above and below) show the same spectrum, but adopting an assumed wavelength dependence for the dust reflectance proportional to λ −1.2(±0.15) .
the optical detections from day 825. The solid blue line represents a single-component blackbody at T = 12, 000 K, roughly the peak temperature of SN 2006gy (Smith et al. 2009b ), normalized to our F 814W detection. The SED clearly shows that the late-time emission is significantly bluer than a blackbody spectrum. We note that the early-time spectra of SN 2006gy show considerable line blanketing blueward of ∼4000Å, such that the emission decreases blueward of our F 450W detection. The NIR emission rapidly rises toward the IR, suggesting that there is considerable IR emission to which our NIR measurements are not sensitive. Figure 7 illustrates the observed HST photometry along with the spectrum of SN 2006gy obtained near peak (Smith et al. 2009b) . Note that no correction for reddening has been made. The photometry shows excellent agreement with a λ −α scattering law, where α = 1.2 ± 0.15. The lack of an actual reflection spectrum precludes a more detailed model of the scattering dust at this time. Given that the other typical scenarios for a large late-time luminosity from a SN, 56 Co decay and extended CSM interaction, have been ruled out, we conclude that the late-time HST detection is a scattered light echo.
Location of the Scattering Dust
The location of the scattering dust is of interest as it can help determine properties of the environment local to SN 2006gy. Above we show that the CSM dust responsible for the NIR echo cannot account for all the reddening observed toward SN 2006gy, suggesting that the SN light passes through external, non-CSM dusty regions in the host galaxy prior to reaching us. Therefore, the scattered light echo could originate in a number of different locations.
With only a single epoch of the unresolved scattered light echo, a precise determination of the location of the scattering dust cannot be obtained. Nevertheless, we can gain some insight into the dust location based on the total optical and NIR emission. For the case where the NIR-echo dust also gives rise to the scattered light echo, and assuming the SN can be modeled as a single short pulse of UV/optical radiation, the ratio of the scattered light luminosity (L s ) to the IR luminosity at late-times can be shown to be (Chevalier 1986) :
where ω is the dust albedo, c is the speed of light, t is the time since the SN explosion, R 2 is outer radius of the dust shell, and g is a measure of the degree of forward scattering. The case g = 0 corresponds to isotropic scattering and g = 1 is completely forward scattering. Note that in Equation 2 we have assumed that ct/2 < R 1 , where R 1 is the inner radius of the dust shell, and that the albedo is independent of frequency. Empirical estimates and numerical calculations (White 1979) show g ≈ 0.6. For the dust albedo we adopt ω ≈ 0.6 (Mathis, Rumpl, & Nordsieck 1977) . As mentioned above, we cannot constrain R 2 with our current observations, but we do know that R 2 must be greater than R 1 , and the value of Equation 2 does not change when R 2 → ∞. For reasonable limits to the outer radius, 1.5R 1 < R 2 < ∞, we find that L s /L IR ≈ 0.88-0.60. Direct integration of the HST optical flux yields an optical luminosity of ∼(7.4±0.5)×10
7 L ⊙ . This value is somewhat uncertain because our data do not extend into the ultraviolet; however, optical spectra taken near peak show that line blanketing severely reduces the flux blueward of ∼4000Å (Smith et al. 2009b) , so this uncertainty should not have a significant effect on the total scattered light luminosity. If we assume that the NIR flux continues to decline at the same rate as that observed between day 405 and 736, then we find a lower limit to the IR luminosity (again because our NIR observations only probe emission from the hottest dust) of L IR > 8.6 × 10 7 L ⊙ on day 825. Therefore, on day 825, L s /L IR < 0.86, consistent with the predicted values above in the case where the scattering dust is the same dust responsible for the IR echo.
The alternative possibility is that the scattering dust is not located in the CSM, instead existing at some other location in NGC 1260 along the line of sight. Cappellaro et al. (2001) inferred that this was the case with SNe 1991T and 1998bu, and like those two SNe we know that SN 2006gy has a significant amount of dust located along the line of sight. As shown by Cappellaro et al. (2001) , if we approximate the SN light curve as a short pulse with duration ∆t SN , then the scattered echo luminosity is
where L SN ∆t SN can be obtained via direct integration of the observed light curve,
L SN (t)dt, and f (t) is the fraction of light scattered to the observer.
Under the assumption that light is being scattered by dust in a sheet of thickness ∆D ≪ D, where D is the distance between the dust and the SN, then (Chevalier 1986; Cappellaro et al. 2001) 
where τ is the optical depth of the dust. Using the relation A V = 1.086τ V (Cox 2000), and the fact that A V outside the dusty CSM is ∼1.6 mag, we find τ ≈ 1.5. From Smith et al. (2009b) we know that L SN ∆t SN ≈ 2.5 × 10 51 erg. Therefore, using L echo ≈ 2.9 × 10 41 erg s −1 , we find (from Equation 4) that dust located at D ≈ 20 pc can explain the observed scattered light luminosity.
Our observations appear to be consistent with one of two scenarios: either (i) the scattered light echo is due to CSM dust, which has also been heated and is radiating in the IR, or (ii) a dusty region ∼20 pc from the SN is responsible for the late-time optical luminosity. This latter scenario seems very plausible if the progenitor of SN 2006gy was a very massive star, 100 M ⊙ (Smith et al. 2009b) . If this were the case we might expect that the progenitor resides in the center of a giant HII region with multiple dense, dusty clouds nearby. This scenario might be very similar to the Carina nebula surrounding η Car, which has multiple dusty molecular clouds only 10-20 pc from η Car (e.g. Smith & Brooks 2007) . Perhaps given a similar progenitor birth environment, evidence for patchy dust at the tens of pc scale around GRB environments also appears to be secure (e.g. Perley et al. 2009) . If the progenitor of SN 2006gy were surrounded by such a nebula then our assumption of a single, thin scattering surface would no longer be valid, and the scattering dust could potentially be located at a number of different locations.
With only a single epoch of observations, we cannot distinguish between the two possible dust locations. One additional epoch of optical imaging should prove sufficient to determine which scenario is correct. As long as D ≫ ct, then f (t) is roughly constant, whereas the models of Chevalier (1986) show a continuous decline in the scattered light echoes when g = 0.6 and the scattering dust is in the CSM. A relatively flat optical light curve would put the dust at ∼20 pc, whereas significant decline from the observed day 825 flux would suggest CSM dust. Finally, we note that the prospects for fully resolving the SN 2006gy light echo are dim: at a distance of 73 Mpc it would take several decades before the light echo could be resolved with high spatial resolution images (i.e., comparable to HST in the optical).
CONCLUSIONS AND FUTURE WORK
We have presented new observations of SN 2006gy, including early-time NIR data from PAIRITEL, as well as optical and NIR detections more than two years after the explosion. The early NIR data show good agreement with a single-component, cooling blackbody between day 54 and 133. There is tentative evidence for a slight NIR excess toward the end of this period. The late-time NIR and optical detections show a rate of decline which is slower than that of 56 Co, indicating that the luminosity is not generated via heating by radioactive decay. This slow rate of decline is not expected in the pair-instability SN models. Rather, the NIR observations can best be explained with an IR echo, and the optical detections are most compatible with a scattered light echo. Both IR and scattered light echoes should be present if there is a massive dust shell external to the SN (Dwek 1983; Chevalier 1986) .
At the time of discovery SN 2006gy was the most luminous SN known (Ofek et al. 2007; , which when combined with its proximity to the host-galaxy nucleus (∼300 pc), suggested that perhaps there was something unique about star formation and SNe in that region. Since the discovery of SN 2006gy several other VLSNe have been found, including SNe 2005ap (Quimby et al. 2007 ), 2006tf (Smith et al. 2008a ), 2008am (Yuan et al. 2008 , and 2008es (Miller et al. 2009; Gezari et al. 2009 ). In each of these cases the SN has been localized well outside the central kpc of the host galaxy, with the exception of SN 2008es, for which a definitive host has not yet been identified (Miller et al. 2009; Gezari et al. 2009 ). This suggests that the location of SN 2006gy was not in fact special. Current and future surveys will dramatically increase the rate of discovery of VLSNe, which should, in turn, allow for a more systematic study of their host environments (for a discussion of the rates of VLSNe see Miller et al. 2009 ).
Given our interpretation for the late-time optical and NIR emission arising from a dust shell at ∼8×10 17 cm from the SN, what might we expect from future observations of SN 2006gy? The IR-echo models of Dwek (1983) show that after a time t ≈ 2R 1 /c, the IR luminosity falls off the plateau and exhibits significant decline. Based on our predicted value for the size of the dust-free cavity (see §3.2.2), we would expect that the plateau phase of the IR echo has ended, and that the IR flux is now in steady decline. Future observations of this decline will place limits on the outer extent of the dust shell, which will in turn provide better limits on the total mass of the dust shell. Our ability to predict the behavior of the scattered light echo is limited by the current degeneracy concerning the physical location of the scattering dust. If the same dust is responsible for both the IR and scattered light echoes, then we would expect that the optical emission is now fading, in a manner similar to what ought to be seen in the NIR. Our observations are also consistent with dust located at ∼20 pc from the SN, in which case we might expect the scattered light echo to continue at roughly a constant flux for several more years. Continued observations with HST would allow us to distinguish between these two situations.
The shell-shock model of Smith & McCray (2007) may also explain the peak luminosity of several other VLSNe: 2005ap, 2006tf, 2008es (Quimby et al. 2007 Smith et al. 2008a; Miller et al. 2009; Smith et al. 2009b) . This model requires large CSM densities at a distance of a few ×10 15 cm, which can be accomplished if the SN progenitor undergoes significant (∼0.1-1 M ⊙ yr −1 ) mass loss during the few decades prior to explosion and VLSNe may suggest that their progenitors are LBVs (Smith et al. 2009b) . For the case of SN 2006gy, Smith et al. (2008b) argue that the dusty shell at ∼10 18 cm could exist if the progenitor underwent an LBV-like eruptive mass-loss phase ∼1200 yr prior to the SN. IR echoes for other VLSNe have not been reported to date, but we strongly encourage a search for them. If a substantial fraction of them exhibit late-time characteristics similar to SN 2006gy, this may be suggestive of a common timescale, ∼1000 years and ∼10 years, for extreme mass loss in the progenitors of VLSNe. The combination of a VLSNe and IR echo would point to multiple phases of eruptive mass loss, which is reminiscent of LBV behavior. The instability driving these eruptions still remains unclear (one possibility is the pulsation pair-instability described by Woosley, Blinnikov, & Heger 2007 , and we encourage future observational and theoretical work to better characterize these systems.
